Aerobic exercise is a powerful mechanism by which cardiovascular and autonomic parameters may be improved. We sought to quantify the extent of benefit that could be achieved by a short-term monitored exercise regimen on several autonomic parameters during recognized mental and physical stressors in young normotensive African-American men matched for a family history of hypertension, a group at high risk for the development of hypertension. Autonomic modulations were derived using spectral decomposition of the electrocardiogram and beat-to-beat blood pressures (BPs). Arterial compliance was obtained using contour analysis of the radial artery pulse wave. The analysis of variance revealed that compared with a matched sedentary control group, aerobic capacity of the trained group significantly increased by 16%. Autonomic modulations, arterial compliance and BP responses significantly improved during some of the stressors, whereas no such improvements were seen in the control group. Attenuated responses, mediated through a favourable shift in sympathovagal balance and enhanced arterial compliance, provide mechanistic evidence of how certain variables may be improved due to aerobic conditioning in a population at high risk for the development of hypertension.
Introduction
It has been hypothesized that repeated mental and/ or physical excitation of the sympathetic nervous system, incongruent with metabolic needs, plays a dominant role in the establishment and maintenance of high blood pressure (BP). [1] [2] [3] [4] To date, stress-response studies have demonstrated that African-American (AA) men and individuals with a positive family history of hypertension have a greater propensity towards augmented BP reactivity compared with non-AA men. 4, 5 These augmented BP responses appear to be mediated predominantly through changes in autonomic modulation. [5] [6] [7] Favourable modifications in autonomic modulation and BP have been documented following endurance training in animals and humans. [8] [9] [10] [11] [12] Our prior study has demonstrated an augmentation in parasympathetic or vagal modulation and enhanced baroreflex sensitivity (BRS) and arterial compliance (AC) following aerobic training. [13] [14] [15] [16] [17] [18] [19] [20] [21] Not surprisingly, few of these studies assessed these effects in African-American men, not in populations other than whites. Accordingly, our aim was to determine the extent of benefit that could be achieved in young normotensive AA men, matched for a family history of hypertension. Specifically, our hypotheses were that following aerobic training, the trained group would have an improved autonomic modulation profile, an enhanced arteriolar compliance and attenuated BP responses when compared with the non-trained control group. These responses were compared during physical and mental stressors before and following an aerobic training programme in an experimental (exercise-trained) and control (sedentary) group. In addition to both groups being matched on body habitus, we also controlled for family history of hypertension, a largely ignored confounder, yet potent mediator, of exaggerated stress responses. 22 
Methods
Participants Thirty-two healthy, normotensive AA men between 18 and 26 years of age met the inclusion criteria for participation and were enrolled in the study, which was approved by the University's Human Participants Institutional Review Board of The Howard University Institutional Review Board. The nature, purpose and risks of the study were explained to each participant before written informed consent was obtained. An initial screening interview indicated that all participants were non-smokers, abstained from use of alcohol (less than two standard alcohol drinks a day), took no prescription medications, did not participate in regular exercise during the previous year and were normotensive. Normotension was based upon two to three seated BP measurements during the initial screening interview. Participants were recruited through advertisements placed throughout the university buildings. All had resting systolic (SBP) and diastolic BP (DBP) within the recognized normotensive-to-pre-hypertensive BP range of o140/90 mm Hg. As familial influence of hypertension is a strong risk modulator of the autonomic nervous system, 22 equal numbers of both positive and negative family history of hypertension were included in the study. Participants were assigned to either an experimental or a control group with half of each group having a positive and/or negative family history of hypertension. Family history of hypertension was obtained from the initial interview. When one family member was taking antihypertensive medication, this resulted in the classification of positive family history, whereas no use resulted in a negative classification. The Godin leisure time exercise questionnaire was used to characterize participants' lifestyle/physical activity level. 23 Data obtained from the activity questionnaire were converted to metabolic equivalents (METs) (1 MET ¼ 3.5 ml O 2 per kg per min) and a weekly score of 20 was defined as 'sedentary'. Each group was further randomly assigned to either an aerobic exercise training programme or no exercise programme (sedentary lifestyle).
Study design
Participants were scheduled to the laboratory four times, at which time exercise and autonomic tests were obtained. Visit 1: maximal-performance exercise test using a cycling protocol was employed. Visit 2: autonomic tests: cold pressor, colour conflict and deep breathing. Visits 3 and 4 were identical repeats of visits 1 and 2 following an 8-week aerobic training or sedentary interval. Protocols for visits 1 and 2 as well as 3 and 4 were carried out within 1 week, but at least 48 h apart. All post-testing was carried out between 48 and 96 h following the last training session. Descriptive data on participants are presented in Table 1 .
Haemodynamic measures
Systolic BP and DBP were measured in the right arm by a Colin STBP-680 automated BP monitor (Colin Medical Instruments, San Antonio, TX, USA), which meets established criteria for SBP and DBP measures during rest and dynamic exercise. 24 Mean arterial BP (MABP) was calculated using the conventional formula: DBP þ 1/3 pulse pressure. Heart rate was determined from a CM5 electrocardiographic tracing by the R-R interval measurement using the Colin STBP-680 monitor. In addition to these two monitors, participants were instrumented with an applanation tonometer (Colin NIBP tonometer; Colin Instruments) attached to the participant's left radial artery and supported by an adjustable table to the level of the atria. Following the equilibration period, data were collected and all signals, including electrocardiogram and beat-tobeat radial BP waves, were collected at 500 Hz and channelled into a computer (Dell computers, Austin, TX, USA) through an analog-to-digital conversion board (ATMIO-16; National Instruments, Austin, TX, USA). Following all data-acquisition protocols, autonomic analyses were carried out off-line in accordance with the recommendations of the European and North American Task Force 25 using LabView programs (LabView 7.0; National Instruments). Aerobic exercise training protocol: The aerobic exercise training programme consisted of 8 weeks of bicycling three times per week, 30 min per session, at 70% of . VO 2 peak. Warm-up and cool-down periods of 3-5 min were allowed before and subsequent to each training session, respectively. All 24 training sessions were attended by one of the investigators, during which they monitored and recorded the training progression of all participants. Exercise intensity (heart rates obtained at 70% of . VO 2 peak) for all training sessions was verified through a heart rate monitor (radial pulse). As training progresses, maintenance of this heart rate intensity requires increased work.
Cold pressor test (foot) (CPFt): Participants performed a CPFt after rest. The right foot was placed in a container of ice water that was kept at a constant temperature of 41C for 4 min. During these 4 min, participants were instructed to avoid gasping and to maintain a normal breathing pattern. This 4-min epoch was extracted and used for analyses. The CPFt is designed to elicit exaggerated sympathetic responses primarily affecting vascular responses and to obtain sufficient low-frequency modulation data.
Stroop colour conflict test (CCT): Once heart rates and BPs returned to their pre-test values, participants performed a stroop CCT of 5 min in duration. The CCT is designed to elicit responses at the cardiac autonomic level.
Deep breathing: Participants were instructed to breathe at six breaths per minute (0.1 Hz) for 5 min while following a visual cue (Labtimer). Throughout these 5 min, participants' heart rates and beat-bybeat BPs were collected. The deep breathing causes large fluctuations in SBP and as such stimulates baroreflexes.
Arterial compliance measurement: The method employed utilized the area under the DBP waveform of the radial artery, rather than on the waveform itself. We used the well-defined incisura and the end of diastole to perform the integration of this area, 26 ,27 a valid and reliable estimate of AC. 28 Arterial compliance data used in the analyses were normalized for height and heart rate. Pre-and posttests were carried out by the same investigator who was an AA individual.
Autonomic analyses Parasympathetic or vagal modulation measurement:
The digitized electrocardiogram signal was inspected for artefact correction and rejection following established procedures, and an R-R interval series was extracted. 29, 30 Spectral decomposition of the R-R series was performed: power spectra within the 0.04-0.15 Hz range were defined as low-frequency components, whereas those at the frequency of 0.15-0.4 Hz were defined as high-frequency components and representative of parasympathetic modulation. 30 Sympathetic modulation measurement: BP peaks were detected through an established peak-detection algorithm; the radial pressure waveforms were visually inspected for missed systolic peaks. The power of the systolic peaks was calculated by measuring the area (integration) under the peak of the spectra. Power spectra within the 0.04-0.15 Hz range were defined as low-frequency components and representative of sympathetic vasomotor modulation. 30 Baroreflex sensitivity assessment: The spontaneous and dynamic beat-by-beat interactions of SBP and R-R interval reflect true baroreflex events rather than random interactions. These baroreceptor assessments were performed on the identical heart rate and BP epochs that were spectrally analysed. Our method is based on the calculation of the modulus of the transfer function between SBP and pulse interval powers (a-index) in the low-frequency (LF, near 0.1 Hz) bandwidth. 31 
Statistical analyses
Statistical analyses were conducted using SPSS version 11.0. Results are presented as means and s.d. for each task. A two (group: control versus Exercise training and autonomic and blood pressure responses in African-American men V Bond et al experimental) by two (time: pre-and post-treatment) by four (tasks: baseline, cold pressor, colour conflict and deep breathing) repeated measures analysis of variance was performed for each physical variable with the four conditions (baseline, cold pressor, colour conflict and deep breathing) as the repeated measures factor. Newman-Keuls post hoc comparisons were used to identify significant differences among means. All post hoc tests were performed using an a-level of 0.05. All analyses were carried out by an independent technician who was blinded to all testing conditions. In addition, a second technician analysed a random third of all files and comparisons between analyses were carried out. The coefficient of variation for all dependent variables between the two analyses was o3%. Throughout all protocols, breathing rates were derived and compared using an established and validated method, 32 and no significant differences were found in breathing rates between the pre-and post-tests for any of the protocols. All post hoc tests (Newman-Keuls) were performed using an a-level of 0.05.
Results
By design, there were no differences in body habitus, autonomic and cardiovascular variables between the control and trained groups at baseline. The trained group significantly improved by 16% compared with their pre-training values (x ¼ 33.6±5.3 ml O 2 per kg per min) and posttraining (x ¼ 40 ± 3.8 ml O 2 per kg per min)
. VO 2 peak (Po0.01). No changes were seen between the preand post-. VO 2 peak values of the control group. The results between the pre-and post-values following 8 weeks of exercise for AC, parasympathetic modulation (RR HF ), sympathetic modulation (SBP LF ) and a-index for low-frequency modulation are presented in Table 2 . The cardiovascular variables, heart rate and SBP, are presented in Table 3 . As expected, cardiovascular and autonomic parameters improved in the group who trained. No significant differences were seen in any of the dependent variables for the pre-testing conditions between the two groups. (7) 23 (8) 50 (14) 52 (13) 9 (5) 7 (11) BRTH 10 (6) 11 (13) 86 (23) 88 (20) 14 (6) 12 (5) Abbreviations: BRTH, breathing protocol; CCT, colour conflict test; CPFt, cold pressure test. *Significantly different from pre-training values at Po0.05. 
Discussion
The major finding in this investigation demonstrates that significant improvements in aerobic capacity improve autonomic and non-autonomic BP control systems. Specifically, autonomic modulation, baroreflex sensitivity and AC were favourably altered in young AA men during some of the physical and mental stressors. As respiration has been shown to modify the amplitude of heart rate and BP variability, and is frequently ignored, we verified that no differences were present in respiratory rates between and within groups during preand post-tests for any of the stressors. 33, 34 Prior investigations on endurance training have been shown to improve autonomic modulations 35 and BPs in human and animal populations after a myocardial infarction, 36 with borderline hypertension, 37 and in patients with chronic heart failure. 16, 38, 39 Therefore, it appears that these favourable autonomic changes occur in both healthy and diseased populations.
Parasympathetic modulation
It has been proposed that the increased prevalence and severity of hypertension in AAs is due in part to an exaggerated reactivity leading to autonomic dysfunction. 40, 41 Our findings demonstrate improvements ranging from 13% during the CCT to 27% during the deep-breathing test in parasympathetic modulation following a 16% improvement in aerobic capacity in the trained group compared with the matched control group, in which no such improvements were seen. These improvements demonstrate less of a loss of cardiac parasympathetic activity during mental and physical stressors. These improvements were seen as well in heart rates that were significantly lower following the training period during the CCT test in the trained. Together, these findings strongly suggest the presence of an attenuated heart rate-reactivity response following aerobic training, which may be explained by a lesser withdrawal of parasympathetic modulation during mental (CCT) and physical (CPFt and breathing protocol) stressors.
Sympathetic modulation
Plasma norepinephrine values and microneurographic techniques have provided convincing evidence for exaggerated sympathetic modulation in hypertension. 42 Moreover, this exaggerated response also appears to be present in pre-hypertensive and hypertensive patients with different degrees of BP elevation and of different ages. 43, 44 Chronic aerobic training has been shown to lower plasma catecholamines and lower BPs in humans and animals. [44] [45] [46] Conceivably, these observations are corroborated in the current investigation as SBP LF , a non-invasive marker of sympathetic vasomotor modulation, was lower in our trained group for the resting, cold pressor and the CCT when compared with the pre-training testing protocol. No attenuation in sympathetic modulation was seen between pretesting and post-testing for any of the stressors in the control group. In addition, SBP rises during the cold pressure test were significantly less for the post-testing condition in the trained group compared with the pre-testing condition. These observations support the notion that improvements in aerobic capacity following endurance training significantly buffer sudden elevations in BP that occur during mental and physical stressors. Furthermore, our results indicate that this attenuated reactivity is in part due to a decrease in sympathetic modulation. Taken together, our findings demonstrate a significant and favourable shift (lowering) in the autonomic balance following aerobic training.
Baroreflex sensitivity
The baroreflex sensitivity in the trained group was significantly improved following the training programme for all four conditions. These findings of significant improvements in BRS for all conditions emphasize the importance of baroreflex modulation following aerobic training, as the BRS plays a key role as a mediator of autonomic responses and overall cardiovascular morbidity and mortality. [14] [15] [16] [17] [18] Moreover, prior research has shown improved BRS after exercise training in hypertensive participants. [47] [48] [49] The improvement in BRS in this investigation could be in part due to a lesser sympathetic modulation and a well-known mediator of vascular stiffness. 20, 50, 51 Arterial compliance Loss of AC during sympathetic stimuli leads to exaggerated increases in an a 2 -adrenergic-mediated vasoconstriction and/or decreases in b 2 -adrenergicmediated vasodilation, both of which contribute to increases in arterial stiffness. Augmented and/or exaggerated sympathetic activity has been shown to further reduce distensibility of small, medium and large arteries, [49] [50] [51] [52] [53] and is a common denominator for risk factors related to hypertension. [54] [55] [56] Our prior study, and that of others, has shown that a strong relationship exists between . VO 2 peak and AC, even among older individuals who take part in endurance training. [19] [20] [21] These findings are evident in the present investigation in which AC, in a highly sympathetically innervated artery, was significantly greater following aerobic training during the CPFt and CCT tests.
Integration
BP is the product of cardiac output (Q) and peripheral vascular resistance. Our results demonstrate that aerobic exercise training confers a protective effect on both autonomic and non-autonomic regulatory components during physical and mental stressors. Specifically, enhanced parasympathetic Exercise training and autonomic and blood pressure responses in African-American men V Bond et al modulation during the CCT has a slowing effect on heart rates. Moreover, an attenuation of sympathetic modulation during the CPFt may help explain the augmented AC and, as such, a lessening in peripheral vascular resistance. All of these parameters clearly suggest that aerobic training confers cardioprotection through autonomic and non-autonomic mechanisms.
In summary, 8 weeks of aerobic training at a sufficient intensity such that oxygen uptake improved by 16% resulted in enhanced autonomic modulation, baroreflex sensitivity and AC changes during several physical and mental stressors. These improvements were seen in a group of young normotensive AA men. Finally, these findings emphasize the prominent role of regular aerobic exercise as a prominent mediator in the regulation of autonomic and non-autonomic BP control mechanisms in young AA men, a population at augmented risk for the development of hypertension.
Limitations
One of the limitations associated with the study is the small number of subjects completing the study; a more large-scale intervention would most likely yield more significant results. A closer monitoring of the physical activity of the sedentary control group could have provided further verification that the effects were due solely to the intervention. Finally, in spite of the a priori control for a family history of hypertension and considering the multifactorial nature of hypertension, there is no guarantee that there may not have been a history of hypertension.
